The kinetics of G-protein-coupled receptor activation and deactivation has, so far, been measured only indirectly, most frequently by assessing the production of various second messengers. We have developed methods based on fluorescence resonance energy transfer to quantify the kinetics of receptor activation by agonist (measured as conformational change in the receptor), the kinetics of G-protein activation (measured as G-protein subunit rearrangement) and the kinetics of receptor inactivation by arrestins (measured as receptor-arrestin interaction). Using these methods, we show that receptor activation by agonists and signalling to G-proteins occur on the subsecond time scale, whereas receptor desensitization is limited by receptor phosphorylation and proceeds more slowly.
GPCRs (G-protein-coupled receptors)
GPCRs constitute one of the largest protein families in the human genome, with approx. 720 members [1] . They are usually located at the plasma membrane, where they catalyse the first step of conversion of an extracellular signal into an increase or decrease of second messengers, such as cAMP or cytosolic Ca 2+ , by activating heterotrimeric G-proteins. GPCRs can recognize a wide variety of signals, including light, small ions, organic molecules or proteins. Therefore they are also of great interest for the pharmaceutical industry and are, in fact, targeted by more than 30% of all prescription drugs [2] . After activation, many GPCRs undergo desensitization in a two-step process involving, first, phosphorylation of the receptor by GRKs (GPCR kinases) and, subsequently, binding of arrestins (see [3] for a review).
GPCRs comprise seven transmembrane helices arranged in a bundle, which is believed to form the ligand-binding pocket. Rhodopsin is the only GPCR for which a high-resolution crystal structure showing the receptor in the inactive state is available [4] . By virtue of its built-in chromophore, rhodopsin is accessible to fluorescence techniques that allow monitoring of conformational changes with very high temporal resolution. Recently, a system for monitoring ligand binding to purified β 2 -adrenergic receptors by fluorescence changes has been developed by Kobilka and colleagues (see [5] for the latest data).
FRET-based systems in GPCR signalling
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between two fluorophores if their emission and excitation spectra overlap; they must be close together and their orientation relative to each other must be appropriate. Thus FRET is very sensitive to the distance of the fluorophores (FRET efficiency is ∼1/r 6 ) and also to their orientation. A commonly used FRET pair in molecular biology is the pair consisting of CFP (cyan fluorescent protein) and YFP (yellow fluorescent protein). The emission spectrum of CFP sufficiently overlaps with the excitation spectrum for YFP to allow FRET, and the emission maxima of the two proteins are sufficiently far apart to allow individual detection of the fluorescence intensity of the two proteins using appropriate filter sets. As soon as the distance or orientation between CFP and YFP is altered, changes in FRET should be observed. With a suitable set-up, these changes can be monitored in single living cells with high temporal resolution (as low as 5 ms).
Our first system allows real-time measurement of GPCR activation in single living cells [7] . It detects the conformational changes in GPCRs on agonist binding by monitoring the distance and orientation between a CFP attached to the third intracellular loop of the receptor and a 'reference' YFP attached to the C-terminus. Optionally, the location of the two fluorophores can be swapped. So far, the system has been successfully applied to the PTH (parathyroid hormone) receptor, the α 2A -adrenergic receptor and the A 2a adenosine receptor. Despite the huge substitutions, these receptors are targeted to the plasma membrane and bind ligands with affinities similar to those of wild-type receptors. Coupling with G-proteins is decreased, but is still measurable.
To measure the activation of heterotrimeric G-proteins, we have tagged the α-subunit with YFP in its helical domain. This does not interfere with the function and targeting of the α-subunit, in contrast with fusing the tag with the N-or C-terminus (first shown by Janetopoulos et al. [8] ). The β-or γ -subunit has been tagged at the N-terminus with CFP; the γ -subunit could also be tagged at the C-terminus. After co-expression of the tagged subunits, FRET was observed as expected for a G-protein heterotrimer. However, when a G i heterotrimer was activated by a G i -coupled receptor, we did not observe a decrease in FRET if the β-or γ -subunit was tagged at the N-terminus; instead, an increase was observed [9] . This was surprising since FRET should have decreased if the α-and βγ -subunits had dissociated after G-protein activation. Hence, we suggest that, at least for G i , a rearrangement of the α-and βγ -subunits, rather than dissociation, occurs. Other G-protein subunits, in contrast, appear to dissociate, as shown, for example, for the heterotrimeric G-protein from Dictyostelium discoideum [8] or Saccharomyces cerevisiae [10] .
Similarly, the interaction of arrestin with a GPCR has been monitored by tagging β-arrestin2 at the N-or C-terminus with CFP and tagging the receptor at the C-terminus with YFP. Again, the location of the fluorophores could be swapped. In this case, no FRET occurred as long as the receptor was not activated. This was as expected, given that the receptor is located at the plasma membrane, whereas β-arrestin2 resides in the cytosol. On activation of the receptor, translocation of the β-arrestin2 to the plasma membrane was observed, and this also translated to an increase in FRET. So far, the system has been applied to four receptors: the PTH receptor [7] , the β 2 -adrenergic receptor [11] , the α 2A -adrenergic receptor (C. Krasel, unpublished work) and the AT 1A angiotensin receptor (C. Krasel, unpublished work). Of these, the β 2 -and α 2A -adrenergic receptors do not cointernalize with arrestins after stimulation [12] and, in these cases, the removal of agonist led to immediate dissociation of the receptor-arrestin complex [11] . In contrast, for the PTH or the AT 1A angiotensin receptor, we did not see any change in FRET between the receptor and arrestin after agonist washout. This could be due to either the high affinity of the agonist (i.e. it cannot be removed) or a high affinity between the phosphorylated receptor and arrestin, which is not dependent on the presence of agonist at all.
Kinetics of receptor activation, signalling and desensitization
Ligand interaction with the receptor is a bimolecular reaction and, therefore, depends on the concentrations of the ligand (which can be well controlled) and the receptor. The maximal k obs values determined for agonist binding to the PTH receptor and the α 2A -adrenergic receptor were 1 and 26 s −1 respectively [7] , corresponding to t 1/2 of 1.5 and 0.03 s.
Activation of G i proteins by the α 2A -adrenergic receptor proceeded with a complex kinetics that could not be fitted by a monoexponential curve. Remarkably, activation of potassium channels by the α 2A -adrenergic receptor, which is catalysed by G i , displayed almost the same kinetics as the activation of G i itself, suggesting that the G-protein and the channel are tightly precoupled. G i activation by the α 2A -adrenergic receptor proceeded with a half-life of approx. 0.8 s [9] .
The kinetics of receptor-arrestin interaction was very much dependent on the co-expression of GRKs. The 
GRK-dependent receptor-arrestin interaction and GRKindependent receptor-arrestin interaction
Receptor activation was measured by following conformational changes in the α 2A -adrenergic receptor, G-protein activation was measured as α 2A -adrenergic receptor-mediated conformational rearrangement of G i , GRK-dependent receptor-arrestin interaction was measured as interaction between the β 2 -adrenergic receptor and β-arrestin2 and GRK-independent receptor-arrestin interaction was measured as interaction between the β 2 -adrenergic receptor and a phosphorylationindependent R170E (Arg 170 → Glu) mutant of β-arrestin2 [13] . The curves are described by the equation, signal = 1 − e −kt , where the time constant k was set to values mentioned in the text or calculated from t 1/2 as k = ln 2/t 1/2 .
PTH receptor interacted with arrestins in the absence of exogenously added GRKs (shown in [7] ). The kinetics of this interaction was again complex and could not be fitted with a monoexponential curve. Co-transfection of GRK2 accelerated the interaction between the receptor and arrestin, whereas co-transfection of a dominant-negative GRK2 mutant slowed it (C. Krasel, unpublished work). In contrast, β 2 -adrenergic receptor interaction with β-arrestin2 was completely blocked by dominant-negative GRK2. The initial interaction between the β 2 -adrenergic receptor and arrestin occurred with a very slow t 1/2 of 19.6 s. However, after agonist washout (which led to dissociation of the receptor-arrestin complex, as mentioned above), a subsequent stimulation led to a much faster interaction (t 1/2 = 2.1 s) [11] . This shows that GRK phosphorylation is the time-limiting step in receptor-arrestin interaction and suggests that GRK-prephosphorylated receptors could exist in tissues where pulsed stimulation occurs, e.g. in neurons. Both of the observed kinetics could be fitted with a monoexponential function. Unfortunately, we have not yet performed any quantification of the interaction kinetics between the α 2A -adrenergic receptor and β-arrestin2, but it seems to be in the same range as that of the β 2 -adrenergic receptor.
In Figure 1 , we schematically compare the kinetics of the four processes. It is obvious that the speed of GRK phosphorylation differs by almost one order of magnitude from either G-protein activation or arrestin binding. Swaminath et al. [5] have observed a biphasic conformational change in the purified β 2 -adrenergic receptor after ligand binding. They suggest that the slow phase of this conformational change (which has a t 1/2 of approx. 70-160 s depending on the identity of the ligand) may be required for GRK or arrestin binding. Our results indicate that the interaction between the receptor and arrestin is unlikely to depend on such a rather sluggish conformational change. On the other hand, the velocity of GRK phosphorylation is almost one order of magnitude lower than that of arrestin binding, although it is still 3-5-fold faster than the conformational changes observed by Swaminath et al. [5] . Therefore it is possible that GRK phosphorylation of GPCRs depends on an additional conformational change in the receptor, which is not required for either G-protein activation or arrestin binding.
